Neural stem cells (NSCs) exist in germinal centers of the adult brain and in the carotid body (CB), an oxygen-sensing organ that grows under chronic hypoxemia. How stem cell lineage differentiation into mature glomus cells is coupled with changes in physiological demand is poorly understood. Here, we show that hypoxia does not affect CB NSC proliferation directly. Rather, mature glomus cells expressing endothelin-1, the O 2 -sensing elements in the CB that secrete neurotransmitters in response to hypoxia, establish abundant synaptic-like contacts with stem cells, which express endothelin receptors, and instruct their growth. Inhibition of glomus cell transmitter release or their selective destruction markedly diminishes CB cell growth during hypoxia, showing that CB NSCs are under the direct ''synaptic'' control of the mature O 2 -sensitive cells. Thus, glomus cells not only acutely activate the respiratory center but also induce NSC-dependent CB hypertrophy necessary for acclimatization to chronic hypoxemia.
INTRODUCTION
Adult stem cells reside within specific ''niches'' that provide the appropriate environment to maintain their ability for self-renewal and multipotency. These cells are normally in a dormant state that protects them from stressors; the manner by which they are selectively activated to progress from quiescence to differentiated mature cells is still to be resolved (Suda et al., 2011; Chell and Frisé n, 2012) . Neural stem cells (NSCs), which resemble embryonic radial glia-like cells and are able to generate new neurons and glial cells, persist in two niches in the adult mammalian central nervous system (CNS): the subventricular zone (SVZ) and the subgranular layer of the hippocampus (SGZ) (Á lvarez-Buylla and Lim, 2004; Zhao et al., 2008) . Central neurogenesis is crucial for numerous brain functions, and its impairment could be involved in some neuropsychiatric disorders (Kriegstein and Á lvarez-Buylla, 2009; Ming and Song, 2011) . NSCs can sense neuronal activity as a result of which adult neurogenesis is modulated by experience and environmental stimuli. However, the coupling of lineage progression to physiological demand remains poorly understood. Several neurotransmitters modulate neurogenesis, one well-known example being the inhibition of SVZ cell proliferation in animals with dopaminergic nigrostriatal denervation (Hö glinger et al., 2004) . Transmitter ''spill-over'' from neighboring GABA-producing SVZ neuroblasts has been shown to provide an inhibitory feedback input for NSC proliferation (Liu et al., 2005; Ge et al., 2006) . Moreover, glutamate (Deisseroth et al., 2004) and GABA (Tozuka et al., 2005) released from the hippocampal circuitry can modulate neural progenitors in the SGZ and induce neuronal differentiation. Recently, a mature granule cell to NSC connection, mediated by hippocampal GABAergic interneurons, was shown to couple neuronal activity to neurogenesis in the SGZ (Song et al., 2012) .
Multipotent NSCs of glial lineage also exist in the adult carotid body (CB), a neural crest-derived paired organ located in the carotid bifurcation (Pardal et al., 2007) . The CB is composed of clusters (glomeruli) of neuron-like glomus (type I) cells that are electrically excitable and have numerous secretory vesicles containing neurotransmitters and neuropeptides. Glomus cells are surrounded by processes of glia-like sustentacular (type II) cells. This organ is the main arterial chemoreceptor that mediates reflex hyperventilation during hypoxemia. Glomus cells, the primary O 2 -sensing elements in the CB, depolarize in response to hypoxia, thereby releasing neurotransmitters that activate sensory nerve fibers terminating in the brainstem respiratory center (see Ló pez-Barneo et al., 2001) . In addition to this fundamental role in acute oxygen sensing, the CB exhibits a remarkable structural plasticity that is uncommon for a neural tissue, which is manifested upon chronic exposure to hypoxia. The CB grows to several times its normal size during acclimatization in high-altitude dwellers (Arias-Stella and Valcarcel, 1976) or in hypoxemic patients suffering cardiopulmonary disorders (Heath et al., 1982) . We have shown that the glia-like type II cells, selectively expressing glial fibrillary acidic protein (GFAP), are NSCs and contribute to CB growth in hypoxia. These cells form clonal colonies in vitro that are enriched in proliferating nestin-positive(+) progenitors that give rise to mature glomus cells and other neural crest cell lineages. Similarly, cell fate experiments in vivo have demonstrated that NSCs contribute to the generation of new glomus cells in animals exposed to sustained hypoxia (Pardal et al., 2007) .
Stem cells in the CB neurogenic center are quiescent under normoxic conditions. Nonetheless, they become activated upon lowering blood O 2 tension (hypoxia), a well-defined and controllable variable. Therefore, the CB niche provides an ideal model in which to study activity-dependent neurogenesis and to explore the mechanisms whereby stem cells switch from dormancy to cycling. Herein, we show that, unexpectedly, CB NSC proliferation in vitro is insensitive to hypoxia over a broad range of O 2 tensions. We provide compelling structural and functional evidence supporting the existence of abundant direct ''synaptic'' contacts between mature neuron-like, O 2 -sensitive, glomus cells and glia-like progenitors, thus optimizing the activity-dependent stimulation of stem cells. The release of stored neurotransmitters from glomus cells during hypoxia Table S1. induces proliferation of progenitor cells and growth of the CB. Among the substances released by glomus cells, we have identified endothelin-1 (ET-1), an agent involved in neural crest progenitor specification and migration (Shin et al., 1999; Bonano et al., 2008) , as a powerful activator of CB stem cell proliferation in vitro and in vivo. In this way, O 2 -sensing glomus cells mediate both the acute activation of the respiratory center and the chronic induction of CB growth upon exposure to hypoxia.
RESULTS

Contrasting Effects of Hypoxia on CB Stem Cell
Proliferation and Dopaminergic Differentiation CB stem cells cultured in floating conditions generate neurospheres composed of an initial cell mass (core) containing numerous proliferating nestin+ intermediate neural progenitors. The neurosphere core grows in size with time in culture, thereby providing an estimation of progenitor proliferation. After several days, the core is surrounded by peripheral blebs of differentiated dopaminergic, tyrosine hydroxylase (TH)-positive(+) glomus cells (Pardal et al., 2007) (Figures 1A and 1B) . As hypoxia is the signal that triggers CB growth, we tested whether lowering the O 2 tension increased the proliferation of CB progenitors (Kokovay and Temple, 2007) . Somewhat surprisingly, decreasing O 2 tension (in the range between 21% and 1%) did not alter the diameter of the neurosphere core measured 10 days after plating ( Figures 1A-1C ). This finding was confirmed by estimating the area of nestin+ cells ( Figure 1D ) or the level of nestin mRNA (Figure 1F) in the neurospheres. In contrast, the size of the TH+ blebs ( Figures 1A, 1B , and 1D) and TH mRNA level ( Figure 1E ) markedly increased during exposure to hypoxia. These results indicate that proliferation of CB NSCs is not directly regulated by hypoxia, even when these cells are exposed to O 2 tensions as low as 1% O 2 , a level far below that necessary to evoke acute secretory responses in glomus cells (Ortega-Sá enz et al., 2010) . As in other cell types (Czyzyk-Krzeska et al., 1992) , hypoxia upregulated TH mRNA and favored dopaminergic differentiation of CB NSCs, similar to what has been described in sympathoadrenal progenitors (Morrison et al., 2000) .
Systemic Inhibition of Prolyl Hydroxylases Does Not Induce Proliferation of CB Cells
In parallel with the in vitro experiments, we also tested whether mimicking hypoxia by inhibition of prolyl hydroxylases (PHDs) with dimethyloxalylglycine (DMOG) induced CB NSC proliferation in vivo. PHDs are O 2 -sensitive enzymes whose inhibition by the lack of O 2 permits stabilization of hypoxia-inducible factors (HIFs), which in turn regulate the expression of a broad variety of O 2 -sensitive genes, some of which are involved in cell proliferation (Kaelin and Ratcliffe, 2008) . Similar to chronic hypoxia, application of DMOG for several days resulted in the induction of HIF-dependent genes such as those for erythropoietin to increase the hematocrit (Figure 2A ) and brain vascular endothelial growth factor (VEGF; Figure 2B ). However, in contrast with hypoxia, DMOG treatment was unable to produce an appreciable proliferation of CB cells (Figure 2C ). Hypoxic CB cell proliferation and organ growth were also normal in animals with ablation of HIF-1a in GFAP-positive cells ( Figures 2D-2F ). These data suggest that neither activation of the HIF pathway nor HIF-1a inhibition is the primary signal that triggers cell proliferation and CB growth in hypoxic conditions. Structure of Glomus Cell-Type II Cell ''Synapses'' We hypothesized that hypoxia-dependent CB progenitor proliferation in situ could take place secondarily to the activation of mature glomus cells, which show hypoxia-evoked quantal transmitter release that is unaffected by DMOG but is exquisitely dependent on the level of O 2 tension Ortega-Sá enz et al., 2010) . This idea fits well with the close structural relationship that exists between TH+ type I cells and GFAP+ type II cells, which are quiescent progenitor cells (Pardal et al., 2007) . Indeed, as reported in numerous electron microscope (EM) studies, large surface areas of type I cells are actually enveloped by the processes of type II cells ( Figure 3A) . Here, we performed EM analyses to study these type I-type II cell contacts and found that the two cell types were clearly distinguishable in ultrathin sections. In this way, glomus cells have a large cytoplasmic domain containing abundant mitochondria, long endoplasmic reticulum cisternae, and, in particular, numerous secretory vesicles (Figures 3A and 3B) . It is known that glomus cells function as presynaptic-like elements, which, in response to hypoxia, acutely release vesicle-stored neurotransmitters in (legend continued on next page) an external Ca 2+ -dependent manner, thereby activating afferent chemosensory fibers (Ureñ a et al., 1994; Buttigieg and Nurse, 2004) . However, an intriguing property of glomus cells is that their secretory vesicles do not seem to be clustered facing nerve terminals but are more uniformly distributed over the entire glomus cell surface ( Figure 3B ). Indeed, a quantitative analysis of the number of vesicles located in front of the various cell membranes surrounding glomus cells showed that the vast majority of vesicles lay near type II cells ( Figure 3C ). Even the density of secretory granules in the different glomus cell ''presynaptic'' regions was the same when the ''postsynaptic'' membrane was either a nerve terminal or a type II cell ( Figures 3D-3F) . Often, the glomus cell membrane (with submembranous localization of dense-core vesicles) was separated from a type II cell by <50 nm ( Figure 3D ), which is similar to the space in glomus cell-nerve terminal synapses ( Figure 3E ). ''Synaptic'' contacts between neighboring type I cells were also frequently observed (Figures 3B and 3C) . Therefore, it is likely that the transmitters released from ''presynaptic'' glomus cells in response to hypoxia not only activate the afferent sensory fibers but could also bind to receptors and modify the function of ''postsynaptic'' type II and/ or type I cells. These observations strongly suggest that O 2 -sensing glomus cells are essential for triggering the proliferation of CB progenitor cells in hypoxia.
CB Growth in Hypoxia Requires Activation of Glomus Cells
The time course of CB cell proliferation induced by hypoxia in vivo is illustrated in Figures 3G and 3H. Animals were maintained in a 10% O 2 atmosphere for variable time periods and, after CB removal, proliferating cells were identified based on their expression of Ki67. Within this population, we also identified cells coexpressing selective markers: type II cells (GFAP+), intermediate progenitors (nestin+), type I cells (TH+), and endothelial cells (lectin+) ( Figure S1A available online). The number of proliferating progenitor (GFAP+ or nestin+) cells increased during the days following exposure to hypoxia. Proliferation of lectin+ endothelial cells was only observed at later stages of hypoxia (data not shown). Initially, numerous cells were GFAP+ (indicating proliferation of stem cells) but, as previously reported (Pardal et al., 2007) , this phenotype disappeared a few days after exposure to hypoxia in parallel with the appearance of nestin+ intermediate progenitors ( Figure 3G ). In addition to the CB progenitors, the Ki67 marker also labeled a significant number of proliferating TH + cells (see Discussion). Glomus cells respond to hypoxia with a rise in cytosolic Ca 2+ and a quantal release of transmitters that is inhibited in vitro by blockade of Ca 2+ channels with Cd 2+ and other divalent cations (Ureñ a et al., 1994; Buttigieg and Nurse, 2004) . In line with this observation, systemic administration of subtoxic doses of Cd 2+ (Stosic et al., 2010 ) to animals exposed to hypoxia resulted in a marked reduction in the number of Ki67+ CB cells ( Figure 3H ). Other highly proliferative tissues, such as the gut epithelium, remained unaffected by the systemic administration of Cd 2+ , thus ruling out the possibility of a toxic effect (data not shown).
Further support for the essential role played by glomus cells in triggering CB growth in hypoxia was obtained from experiments performed on TH-SDHD mice. These animals lack the ''D'' subunit of mitochondrial complex II in TH+ cells and show a marked loss of catecholaminergic cells in the CB and other tissues (Díaz-Castro et al., 2012) . A detailed EM analysis of the CB from TH-SDHD mice indicated marked disruption of the CB glomeruli ( Figures 4A and 4B) , with type I (glomus) cells in different stages of degeneration displaying increased numbers of mitochondria (which were dilated and had disorganized cristae) and the appearance of numerous vacuoles ( Figures 4C and 4D ). The number of dense-core secretory vesicles, a typical feature of glomus cells ( Figures 4C and 4E ), was markedly reduced in the TH-SDHD mice ( Figures 4D and 4F ). As the gene mutation in this model is restricted to glomus cells, type II cells appeared normal, showing their typical ultrastructural characteristics: fusiform nucleus, large nucleolus, scarce perinuclear cytoplasm with few mitochondria, and the absence of secretory vesicles. They also displayed the characteristic long processes enveloping type I cells ( Figures 4A, 4B , 4G, and 4H). Dissociated cells from CBs of the TH-SDHD mice were able to form neurospheres in vitro, further supporting the conclusion that the function of type II cells was unaltered in these animals. TH-SDHD mice are normal in normoxia but die within hours/days after exposure to 10% O 2 tension, probably because the lack of a functional CB renders them unable to acclimatize to sustained hypoxia (see Discussion). However, these animals survived in 14% O 2 tension for more than a week. The proliferation of CB progenitor cells, induced after 6 days in a 14% O 2 atmosphere, was clearly reduced in TH-SDHD mice compared with wild-type (WT) animals ( Figures 4I and 4J ). Taken together, the experiments performed with Ca 2+ channel blockers (that decrease transmitter release from O 2 -sensitive glomus cells), as well as those carried out in CBs with damaged and vesicle-depleted glomus cells (TH-SDHD mice), strongly suggest that activation of glomus cells is the initial step inducing CB growth upon exposure to hypoxia.
Endothelin-1 Synthesized and Released by Glomus Cells
Regulates Cell Proliferation and CB Growth Among the various transmitters and neuropeptides existing in the CB, we focused our study on endothelin-1 (ET-1) because this peptide and endothelin receptor A (ET-RA) are abundant in glomus cells (McQueen et al., 1995; Paciga et al., 1999; Chen et al., 2002) . Moreover, G-protein-coupled endothelin receptors (F) Quantification of the density of type I dense-core vesicles per unit length of glomus cell membrane depending on the cellular element present in front. The density was significantly higher when a type II cell or a nerve terminal appeared as ''postsynaptic'' membrane; **p < 0.01. (G) Quantification of proliferating CB progenitor cells after removal of the organ and dissociation of the cells during the initial days after exposure to hypoxia (three rats per group). (H) Quantification of proliferative cells (Ki67+) among the total cell population from dissociated CBs of rats exposed to 2 days of Nx (six rats) or Hx (seven rats), with or without intraperitoneal injection of cadmium; *p < 0.05. In (C), (F), (G), and (H), error bars represent SEM. See also Figure S1A .
(A and B) mediate cell proliferation in several tissues (Koyama and Michinaga, 2012) and are required for the correct specification (Bonano et al., 2008) and migration (Shin et al., 1999 ) of neural crest progenitors. The CB is profusely irrigated, and as a result, unequivocal identification of ET-1 in glomus cells is hampered by the presence of abundant endothelial cells that highly express ET-1 (see Rubanyi and Polokoff, 1994 and Figures S1B and S1C) . Indeed, a large percentage of cells dissociated from the CB were sorted with the specific endothelial cell marker CD31 ( Figure 5A ). As expected, this THÀ and cadherin-5+ (another endothelial cell marker) population contained a significant amount of ET-1 mRNA ( Figure 5B ). However, ET-1 mRNA was also highly expressed in the CD31À population, which includes TH+ glomus cells ( Figure 5B ). As in other tissues (Elton et al., 1992) , ET-1 mRNA was upregulated by hypoxia in dissociated CB cells maintained in vitro ( Figure 5C ). The CD31+ population completely disappeared in CB-derived neurospheres ( Figures 5D and 5E ). However, these preparations expressed high levels of ET-1 mRNA, which was also markedly induced by hypoxia ( Figure 5F ). ET-1 expression was particularly high in differentiated neurospheres, enriched in TH+ cells (insets in Figures 5D-5F and S2). Definitive support for the localization of ET-1 in glomus cells was obtained from experiments performed on TH-EGFP mice, which allowed us to sort a pure population of ET-1-expressing glomus cells ( Figures 5G and 5H ). There are two main types of endothelin receptor: ET-RA and ET-RB (Hosoda et al., 1994; Clouthier et al., 1998) . We detected abundant ET-RA and ET-RB mRNAs in both CB tissue and CB-derived neurospheres ( Figure 6A ). The presence of ET-RA and ET-RB in TH+ glomus cells, as well as in THÀ type II cells, was also evidenced by immunohistochemistry ( Figures 6B and  6C ). ET-RA was more abundantly expressed in the CB ($40% of the cells) than ET-RB ($20% of the cells). However, whereas ET-RB was highly expressed in all GFAP+ or nestin+ cells (see Figures 6D and 6E ), ET-RA was only weakly expressed in $40% and 7% of GFAP+ or nestin+ cells, respectively. In contrast, ET-RA appeared in all TH+ cells. Interestingly, <3% of TH+ cells expressed ET-RB, and the quantitative analysis of ET-RB mRNA expression clearly showed that it is far more abundant in undifferentiated than in differentiated neurospheres ( Figure 6F ). These observations indicate that, whereas ET-1 synthesis is induced in glomus cells during hypoxia, endothelin receptors (particularly ET-RB) are highly expressed in stem cells and proliferating CB progenitor cells, thereby suggesting an ET-1-mediated communication between mature glomus cells and stem cells. In line with this concept and previous reports (Chen et al., 2007) , bosentan, a nonselective endothelin receptor antagonist used as an antiproliferative drug, inhibited CB cell proliferation during exposure to hypoxia ( Figures 6G  and S3 ).
The effect of ET-1 on CB cell proliferation was directly demonstrated in vitro ( Figure 7A ). ET-1 added to CB cell cultures increased neurosphere-forming efficiency ( Figure 7B ), neurosphere core diameter, and the number of nestin+ cells ( Figures  7C and 7D ) in a dose-dependent manner ( Figure 7E ). As observed in vivo, CB progenitor proliferation induced by ET-1 was inhibited by the presence of an endothelin receptor antagonist ( Figure 7F ). In parallel with the increase in progenitor proliferation, there was an ET-1-mediated decline in differentiation to TH+ glomus cells ( Figure S4 ). The pharmacological effects of ET-1 and endothelin receptor blockade were further confirmed by experiments in which receptor expression was selectively downregulated by specific siRNAs (Figures S5A and S5B ). This did not interfere with the neurosphere growth but reduced by almost 50% the stimulatory effect of ET-1 on neurosphere core diameter ( Figures 7G and S5C) . Binding of ET-1 to its receptors leads to activation of the MAP kinase signaling pathway with induction of c-myc and other proproliferative and antiapoptotic genes (Wang et al., 1994; Shichiri et al., 1998) . This characteristic response to ET-1 was also observed in CB neurosphere cultures ( Figure 7H ). ET-1 increased the expression of the Ki67 proliferation marker in nestin+ progenitor cells (Figure S6 ), confirming a direct induction of CB NSC proliferation.
DISCUSSION
CB Neural Stem Cell Activation Is Not Directly Regulated by Hypoxia O 2 tension has been recognized as an important variable that regulates self-renewal, proliferation, and differentiation of stem cells (Panchision, 2009; Mohyeldin et al., 2010) . Most adult stem cell niches have a relatively low O 2 tension that helps to maintain the cells in a dormant state with predominantly anaerobic metabolism, preserving them from excessive production of reactive oxygen species and other stressors (Suda et al., 2011) . In normoxia, CB stem cells also appear to be quiescent (Pardal et al., 2007) . Nonetheless, we expected that hypoxia could directly modulate the proliferative status of the stem cells to induce growth of the organ. Stabilization of HIF has been reported to induce proliferation in several cell types (Kaelin and Ratcliffe, 2008) , including hippocampal NSCs (Panchision, 2009; Suda et al., 2011) . Somewhat surprisingly, chronic exposure of CB stem cells in vitro to hypoxia did not affect proliferation of progenitors in the neurospheres. These findings were in fair agreement with in vivo experiments showing that inhibition of O 2 -sensitive PHDs with DMOG did not evoke CB growth or progenitor proliferation. Similar results in vivo have been obtained independently using a different PHD inhibitor (Bishop et al., 2013) . Our data indicate that HIF activation or HIF-1a inhibition are not the primary signals that trigger the transition of CB NSCs from quiescence (in normoxia) to proliferation (in hypoxia). They also suggest that physiological activation of CB progenitors by hypoxia is a niche property rather than an intrinsic characteristic of the stem cells.
Oxygen-Dependent Activation of the CB Niche Is Mediated by Direct Neuronal-Stem Cell Chemical Synapses A fundamental question under intense scrutiny is how stem cells in the niches progress from quiescence to proliferation, allowing them to respond to the dynamic needs of tissues (see Chell and Frisé n, 2012) . Puzzled by the finding that CB NSC proliferation is unaffected by hypoxia, we hypothesized that mature glomus cells, acting as acutely responding O 2 sensors (see Ló pez- Barneo et al., 2001) , could induce type II cell activation during exposure to low PO 2 . We have found compelling structural evidence indicating that most of the secretory vesicles in glomus cells are actually located facing type II cells. Glomus and type II cells are frequently separated by a ''synaptic space'' (<50 nm) similar to that existing between glomus cells and nerve terminals. Therefore, as well as the effect on the chemosensory synapse activating the respiratory center, neurotransmitter release from See also Figures S1B, S1C, S2, and Table S1 .
glomus cells during exposure to hypoxia could also stimulate CB type II stem cells. This concept is fully supported by our in vivo functional experiments indicating that blockade of transmitter release with cadmium or selective genetic impairment of glomus cells results in a reduced responsiveness of the CB (activation of CB progenitor cells) to hypoxia. The existence of synaptic-like contacts between mature glomus cells and stem cells in the CB is a structural specialization designed to optimize the general principle of the activitydependent control of stem cell function, which appears to regulate the central neural niches. The neurogenic areas in the adult brain are innervated by projection fibers and are therefore affected by the release of several transmitters. However, the local circuitry can also control NSC function. In the SVZ, depolarization of neuroblasts induces nonsynaptic GABA A receptor currents in GFAP-positive progenitors that limit their progression through the cell cycle (Liu et al., 2005; Ge et al., 2006) . Recently, it has been shown that the maintenance of stem cell quiescence in the dentate gyrus is modulated by a subset of parvalbuminpositive GABAergic interneurons, which are activated by mature granule cells (Song et al., 2012) . A radical approach to stem cell control is the establishment of direct synaptic contacts between differentiated and stem cells, as has evolved in the CB niche (see Figure 7I ).
ET-1 Released by Glomus Cells Activates CB Stem Cells and Organ Growth
Numerous agents released by O 2 -sensitive glomus cells could mediate the activation of quiescent CB NSCs to induce organ growth. In this study, we focused on ET-1 because it is a potent proliferative agent that participates in chronic hypoxia-induced vascular wall thickening, pulmonary hypertension, and right cardiac hypertrophy (Bonvallet et al., 1994; Eddahibi et al., 1995; Oparil et al., 1995) . In addition, ET-1 is known to influence the biology of neural crest progenitors during development (Hosoda et al., 1994; Shin et al., 1999; Bonano et al., 2008) . Systemic administration of ET-1 activates the CB, and both ET-1 and endothelin type A receptors have been demonstrated in glomus cells (McQueen et al., 1995; Paciga et al., 1999) . ET-1 released from glomus cells has been postulated to exert a paracrine/autocrine effect and to mediate CB plasticity under chronic hypoxia (Chen et al., 2002) . Experiments using radiolabeled ET-1 (McQueen et al., 1995) and immunocytochemistry (Chen et al., 2002) have suggested the presence of ET-1 in glomus cells; however, the CB is rich in endothelial cells that highly express ET-1, and this could cause confounding results. Based on a combination of sorting of normal and transgenic cells with molecular biological and histological techniques, we provide unequivocal evidence that ET-1 is expressed in glomus cells in vivo Table S1 . and in vitro. We have also shown that endothelin A receptors are expressed not only in type I cells but also in type II cells, which were excluded in previous studies. More importantly, we have found that endothelin B receptors are abundantly expressed by CB stem cells. In agreement with these observations, it has been shown that endothelin B receptors are the predominant form present in astrocytes (Koyama and Michinaga, 2012) , which share the same GFAP+ cell lineage of NSCs in the brain, as well as in the CB (Pardal et al., 2007; Kriegstein and Á lvarez-Buylla, 2009 ). ET-1 evoked proliferation of CB progenitors in vitro, and these effects were blunted by pharmacological or genetic downregulation of ET-1 receptors. As in other tissues (Wang et al., (I) Schematic diagram illustrating the different ''synaptic'' communications taking place within a CB glomerulus exposed to hypoxia (bv, blood vessel; nf, sensory nerve fiber). 1, chemosensory synapse; 2, chemoproliferative synapse. In (B-H), error bars represent SEM. *p < 0.05 and **p < 0.01. See also Figures S4, S5 , and S6 and Table S1. 1994; Shichiri et al., 1998) , ET-1 induced c-myc, a proproliferative and antiapoptotic immediate early gene, in CB progenitors. Taken together, these data strongly suggest that ET-1 is a powerful mediator of the glomus cell-stem cell ''synapse'' inducing CB stem cell activation in response to low PO 2 .
Studies of CB growth in chronic hypoxia have shown that, as well as indicating the differentiation of progenitor cells to newly generated glomus cells, some TH+ cells express proliferation markers (BrdU, PCNA, or Ki67) (Paciga et al., 1999; Chen et al., 2007; Pardal et al., 2007) . These cells probably belong to a pool of prematured glomus cells, the abundance of which seems to vary among species. A detailed description of the proliferation of TH+ cells will be presented elsewhere. Nonetheless, the existence of close ''synaptic-like'' contacts between neighboring TH+ cells makes it possible that ET-1 released from glomus cells could also induce proliferation of immature TH+ cells (see Figure 7I ).
Essential Role of the O 2 -Sensitive Glomus Cell-Stem Cell Synapse in the Pathophysiology of Acclimatization to Hypoxia The CB plays an important role in the reflex control of respiration in man. Individuals with bilateral CB ablation show permanent abolition of the ventilatory response to hypoxia (see Timmers et al., 2003) . The CB is also essential for acclimatization to chronic hypoxia, a condition that affects millions of people who either live at or travel to high altitudes and thus are exposed to low atmospheric pressure. There are also highly prevalent human pathologic conditions, such as congestive heart failure or chronic obstructive pulmonary disease, that result in severe chronic hypoxemia due to a reduction in the O 2 exchange capacity between the air and the pulmonary capillaries. Survival under conditions of chronic hypoxia requires activation of the CB and the growth of the organ to enhance the respiratory drive necessary for sustained activation of the respiratory center (Powell et al., 1998; Joseph and Pequignot, 2009) . Individuals who do not adapt well to chronic hypoxia develop neurological and cardiopulmonary dysfunctions and morbidities that can lead to death. The data presented here indicate that glomus cells are the central O 2 -sensitive ''presynaptic'' elements that mediate CB activation in acute (chemosensory synapses, 1 in Figure 7I ) and chronic (chemoproliferative synapses, 2 in Figure 7I ) hypoxia. Based on these findings, the development of a functional test that evaluates CB responsiveness to hypoxia could be of value to identify hypoxia-intolerant individuals. In addition, as the neurotransmitters, cell targets, and intracellular pathways are different in the two types of O 2 -sensitive synapses, the development of a selective pharmacological strategy could have potential therapeutic application.
EXPERIMENTAL PROCEDURES Animals
Transgenic mice (see Supplemental Information), WT mice, and Wistar rats were housed and treated according to the animal care guidelines of the European Community Council (86/609/EEC). All procedures were approved by the Animal Research Committee at the University of Seville.
In Vivo Hypoxic Treatments and Drug Administration Animals (rats and mice) were chronically exposed to a 10% or 14% O 2 environment using a hermetic isobaric chamber with O 2 and CO 2 controls and temperature and humidity monitoring (Coy Laboratory Products). To test CB growth in HIF-1a fl/fl GFAP-cre mice, animals were exposed to hypoxia for 19 days and injected intraperitoneally with bromodeoxyuridine (BrdU) (Sigma, 50 mg/ml) at the beginning of the experiment and every 7 days. BrdU was also administered in drinking water (1 mg/ml) all the time. For the in vivo experiments with bosentan, rats (Charles River) were injected with BrdU at the beginning of the hypoxic period and divided into four groups: (1) normoxia, (2) normoxia plus bosentan, (3) chronic hypoxia, and (4) chronic hypoxia plus bosentan. Each group included the analysis of five CBs from four or five rats. Bosentan was fed to rats (100 mg/kg/day) through intragastric gavage once daily. Rats were housed in standard rodent cages with 24 hr access to pellet food and water. Bosentan treatment started 1 week before the hypoxic stimulus. Animals were maintained in the hypoxic environment for 7 days. Age-matched control rats were similarly housed in ambient air outside the chamber. Treatment with cadmium chloride (CdCl 2 , Sigma) was performed the same way as with bosentan, except that drug administration (intraperitoneally) started only 1 day before the hypoxic period at a dose of 1 mg/kg/day. Animals were distributed in four groups (six animals per group) and were treated with CdCl 2 under hypoxia for 2 days, after which the CBs were dissected and dissociated. Dimethyloxalylglycine (DMOG, Frontier Scientific) was administered twice daily at a dose of 80 mg/kg by intraperitoneal injection. Animals were distributed in three groups: (1) normoxia (four CBs from three animals), (2) chronic hypoxia (five CBs from three animals), and (3) DMOG (four CBs from three animals). DMOG was prepared in saline and stored at 4 C only for a maximum of 24 hr to avoid oxidation. Rats were treated for 3 or 14 days. After treatment, the hematocrit was measured in the 14 day group. The 3 day group of rats was used to perform qRT-PCR in the brain and CB immunocytochemistry. Their brains were removed and immediately immersed in Trizol (Ambion) for subsequent RNA extraction. Carotid bifurcations were dissected and postfixed in PFA for 6 hr. In every experiment involving drug administration, control groups included the injection of the vehicle used to reconstitute the drug.
Histo-and Cytochemical Studies
For detection of TH, nestin, BrdU, Ki67, GFAP, CD31, and ET-1 receptors in tissue sections, neurospheres, and/or dispersed cells, we used standard staining procedures. Specific details are given in the Supplemental Information.
Electron Microscopy and Quantification of Dense-Core Vesicles in Type I Cells Control and TH-SDHD mice were intracardially perfused with PBS-based fixative containing 2% PFA plus 2.5% glutaraldehyde (EMS). Carotid bifurcations were dissected and kept in the same fixative for 2 hr. The bifurcations were then postfixed in 2% osmium for 1.5 hr, rinsed, dehydrated, and embedded in Durcupan resin (Fluka). Semithin sections (1.5 mm) were cut with a diamond knife and stained with 1% toluidine blue for localization of glomeruli. Ultrathin sections (70 nm) were cut with a diamond knife, stained with lead citrate (Reynolds solution), and examined under a transmission electron microscope (FEI Tecnai G2 Spirit BioTwin) using a digital camera (Morada, Soft Imaging System, Olympus). To estimate the percentage of dense-core vesicles distributed facing the different cellular elements, we analyzed four type I cells. We counted all the vesicles that appeared in an ultrathin section. For quantification of the density of dense-core vesicles in type I cells, distributed in front of the different cell types, we analyzed several profiles of type I cells in regions in which we could clearly identify the cell types confronted.
Cell Dissociation and Neurosphere Assays CB cell dissociation and neurosphere assays were performed as described in a previous paper form our laboratory (Pardal et al., 2007) . Specific details are given in the Supplemental Information.
RT-PCR and siRNA Assays Total RNA was extracted from intactCBs, neurospheres, or dissociated cells using a commercial kit (RNeasy MICRO kit; QIAGEN). For the extraction, 8-10 CBs, or the equivalent amount of tissue from neurospheres, was used. Specific details of the procedures used for standard and real-time quantitative PCR are given in the Supplemental Information. The oligonucleotides used are listed in Table S1 . Dispersed CB cells were transfected after 8 hr in culture with siRNA smart pools against ET-RA, ET-RB, or siRNA control smart pool (50nM; Darmacon) using lipofectamine2000 (Life Technologies-Invitrogen). Cells were allowed to form neurospheres during 7 days in the presence or absence of ET-1. This factor was added once at 64 hr after transfection. It had been tested before that a single ET-1 dose produced clear proproliferative effects on CB neurospheres. Specific mRNA downregulation was analyzed 48 hr after transfection by qPCR. It was tested that inhibition of ET-receptor mRNA expression was maintained for at least 120 hr after transfection.
Flow Cytometry
All sorts and analyses were performed as indicated before (Pardal et al., 2007) . Cells dispersed from 4-6 CBs of TH-EGFP mice were sorted, and the resulting EGFP+ cells from several experiments were pooled to obtain enough RNA to perform PCR analysis. Details on animals stain and the procedures used are given in the Supplemental Information.
Statistics
Data are given as mean ± SEM. Statistical significance was estimated by paired or unpaired two sample t test. Paired t tests were used to analyze samples obtained from cell cultures and unpaired t tests were applied for the experiments involving animals. In the case of dense-core vesicle quantification, statistical significance was estimated by ANOVA and Bonferroni post hoc tests using SPSS software. 
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